Abstract: Chloroplasts move toward weak light to increase photosynthetic efficiency, and migrate away from strong light to protect chloroplasts from photodamage and eventual cell death. These chloroplast behaviors were first observed more than 100 years ago, but the underlying mechanism has only recently been identified. Ideal plant materials, such as fern gametophytes for photobiological and cell biological approaches, and Arabidopsis thaliana for genetic analyses, have been used along with sophisticated methods, such as partial cell irradiation and time-lapse video recording under infrared light to study chloroplast movement. These studies have revealed precise chloroplast behavior, and identified photoreceptors, other relevant protein components, and novel actin filament structures required for chloroplast movement. In this review, our findings regarding chloroplast and nuclear movements are described.
Introduction
When aquatic plants evolved to survive on land, they developed strategies to tolerate new environmental conditions such as water stress, dehydration, high and/or low temperatures, high light intensity, and exposure to UV light. 1) However, sessile plants not only tolerated new environments, they also used environmental factors to predict seasonal and diurnal changes and to regulate their development and physiological responses. Among environmental factors, light is the most important stimulus because in addition to its use during photosynthesis, various light characteristics, such as presence/absence, wavelength, intensity, length and direction of irradiation, and day length, can provide plants with useful information.
2)
The germination of plant seeds (or spores) is mostly induced by red light. Germinated seedlings elongate in darkness; however, even short red light pulses cause seedlings to de-etiolate, induce hook opening, leaf expansion, and greening, and accelerate phototropism toward blue light. Other physiological responses affecting plant reproductive stages, including the circadian rhythm, flower opening, and the underlying gene expression, are also regulated by light.
3)-5) Light-mediated plant development is referred to as photomorphogenesis. To regulate photomorphogenesis, plants use various photoreceptors, such as phytochromes, 6 ), 7) which mainly absorb red and far-red light, three different blue light receptors [i.e., phototropins, 8) , 9) cryptochromes, 10), 11) and the ZEITLUPE / LOV KELCH PROTEIN / FLAVIN-BINDING, KELCH REPEAT, F-BOX (ZTL/LKP/ FKF)], 12)-14) and the recently discovered ultraviolet (UV) light receptor, UVR8. 15) Chloroplast photorelocation movement is an important phenomenon that protects plants from high light-intensity stress, and enhances the use of light signals to promote photosynthesis. 16)-20) Phototropin is the main photoreceptor associated with chloroplast movement.
21)-23) Chloroplasts accumulate in areas irradiated with weak light to increase photosynthetic efficiency (i.e., accumulation response or weak-light response; Fig. 1A , Bb), 24) and move away from areas with strong light to prevent chloroplast photodamage (i.e., avoidance response or strong-light response; Fig. 1A , Bc, D, E). 25) In darkness, chloroplasts 51) J is from Tsuboi and Wada 2013, 74) with copyright permission from Elsevier, Science/AAAS, British Pteridological Society, and Botanical Society of Japan, respectively. M. WADA [Vol. 92, migrate to the lower periclinal or anticlinal cell walls depending on the tissue structure (i.e., dark position; Fig. 1A , Ba), 26) , 27) although the physiological function of this movement has not been elucidated. 26) Chloroplast movement is important for plants living under low light conditions (e.g., under canopies). 28) However, the ecological importance of chloroplast movement in plants exposed to sunlight throughout the day has not been determined. It was recently reported that in such conditions, most chloroplasts remain on the anticlinal cell walls of long and thin palisade cells even under low light conditions. 29) The ecological significance of this phenomenon will be discussed in the last part of this review.
Photorelocation movements of other organelles are so far known only in nuclei 30) and peroxisomes. 31) These organelles, however, show light-induced directional movement only when they attach moving chloroplasts, meaning that they do not have their own moving mechanism but chloroplasts carry them.
Background
Chloroplast photorelocation movement was first described in 1856 by J. A. Böhm. 26) During the early 20th century, Gustav Senn studied the chloroplast distribution pattern in many species, including algae and angiosperms, mostly using thin sections of fixed materials (Fig. 1B) . He determined that the distribution pattern was influenced by the light that penetrated plant tissues. 26) Senn's 1908 monograph was recently translated into Japanese by Hironao Kataoka, with an overview provided in English. 32) This phenomenon was not extensively analyzed again until Jan Zurzycki of Poland and Wolfgang Haupt of Germany initiated their studies in the 1950s. Zurzycki used the moss Funaria hygrometrica and the aquatic seed plant Lemna trisulca (Monocots, Araceae), 33) in which cells contain many small chloroplasts, whose movement is affected by blue light. 34) On the contrary, Haupt mainly used the green alga Mougeotia scalaris (Charophyta, Zygnemataceae; Fig. 2B ) 35) whose cells contain one large ribbon-shaped chloroplast, and the movement of this chloroplast is primarily induced by red light, 26) and reversed by far-red light, suggesting that phytochrome is the photoreceptor. 36) From the 1960s to the 1990s, chloroplast movement was mainly investigated in Mougeotia, especially in Germany by Haupt, 37) Ekkehard Schönbohm, 38) Gottfried Wagner, 39) and their colleagues. Mougeotia is a filamentous alga consisting of cylindrical cells in which a large ribbon-shaped (flat) chloroplast is sandwiched between two large vacuoles (Fig. 2B) . The chloroplast is set parallel to the cell polarity (i.e., along the long axes), and the chloroplast edge is attached to the plasma membrane. When a cylindrical cell is irradiated with a weak red or blue light from the side, the chloroplast rotates along the central axis of the cell so that its flat side is positioned facing the light for efficient light absorption. In contrast, when cells are exposed to strong blue light from any direction under weak red light, the chloroplast turns to assume a profile position, parallel to the incident red light, to minimize the absorption of the blue light. 26) ,37) The interaction between red and blue light looks very complicated, 38) but it is understandable because chloroplasts have to avoid strong white light (i.e., blue light) but the direction of the white light is monitored by red light. Because of these unique features of chloroplast movements in Mougeotia, German groups investigated the membrane localization of photoreceptors (i.e., phytochrome and blue light-absorbing pigment) using partial cell irradiation with polarized light. The arrangements of transition moments were predicted based on the effects of polarized light on chloroplast movement, and the mechanism underlying chloroplast rotation was analyzed in terms of the cytoskeleton and involvement of calcium. 37)-40) Actin filaments were seen on the front edge of rotating chloroplast, suggesting the motive force generating structure. 40) However, despite the considerable efforts of researchers over a long period, the molecular mechanism mediating chloroplast movement in Mougeotia cells remains largely uncharacterized.
Instead of plant species with cells containing one large chloroplast, researchers investigating chloroplast movement currently use plants containing cells with many small chloroplasts, especially the model plant Arabidopsis thaliana. Groups in Japan, 16 ), 41) the United States of America, 42) , 43) and Poland 44) are working to characterize the mechanism regulating chloroplast movements. Japanese researchers have used unique approaches to study this phenomenon, including the induction of chloroplast movement using partial cell or partial chloroplast irradiation, precise analyses of each chloroplast movement under infrared light, identification of protein factors involved in signal transduction pathways using mutant lines, and other molecular techniques.
Plant materials
For analytical studies of the mechanisms mediating chloroplast photorelocation movement, gametophytes of the fern Adiantum capillus-veneris [linear (Fig. 2Aa , Ad) and two-dimensional (Figs. 1E, 2Ac ) stages called the protonema and prothallus, respectively] are one of the best materials because they are not surrounded by any other tissues. Additionally, they are highly sensitive to light, which controls their early developmental processes. 51),52) A long singlecelled protonema (Fig. 2Ad) can be obtained under red light, and cell division at the apical part of the cell can be induced by short irradiation with blue or white light (Fig. 2Ab) . 53) , 54) The photosensitivity of the chloroplast movement in the resulting long basal cell of a two-celled protonema is greater than that of the cell before cell division, although the reason for this is unknown. 55) The intracellular structure of the protonemal cell and the structural changes occurring during development have been well characterized in long-term studies. 51),52),56)-61) Two-dimensional, singlecell-layered prothallia (Figs. 1F-J, 2Ac) are also useful for the study of chloroplast movement.
62)-66)
Following an incubation in darkness for 1 or 2 days, most chloroplasts move from the periclinal (surface) cell walls to the anticlinal (side) walls (Fig. 2Ac) . Therefore, the behavior of chloroplasts remaining on the periclinal wall can be easily observed (Fig. 1G-J ). This experimental system using dark-adapted cells with a few chloroplasts on the periclinal wall is hereafter referred to as a "dark-adapted cell" system. Mutant lines defective in chloroplast movement are easily selected in mutanized fern gametophytes because of their haploid generation ( Fig. 2A) . 51) We identified the mutated genes in some A. capillusveneris mutant lines, such as phot2, neo1, and kac, which will be discussed in detail later in this review. 65 (Fig. 2Cc ) of the liverwort Marchantia polymorpha (Fig. 2Ca) has been used for cell biological experiments, because of its little redundancy of genes, 78) the availability of various gene manipulation techniques, 78) , 79) and the fact there is no surrounding tissue.
Methods
Chloroplast photorelocation movement should be observed in a dark room with a safe light (ideally infrared) that is not absorbed by plant cells. Chloroplast behavior should be analyzed under infrared light, which is not absorbed by chloroplasts. Chloroplasts move very slowly, which necessitates the use of time-lapse video recordings to monitor their migration. The most commonly used techniques in my laboratory to analyze chloroplast responses to light involve partial cell or chloroplast irradiation with a small round microbeam ranging from a few to several tens of micrometers in diameter or a small square light beam by custom-made microbeam irradiators (Fig. 1F, G) . 28 ),80) Different cell parts can be sequentially (Fig. 1H, I ) 16) or simultaneously ( Fig. 1J ) 74) illuminated using two microbeams. Combining instruments and techniques has enabled the detailed observation of chloroplast behavior. Custom-made special cuvettes to protect materials from drying during microbeam irradiation and/ or for repeated protonema centrifugation in different directions have also been prepared. 28 ),52) Adiantum capillus-veneris gametophytes were sandwiched between two round glass pieces (1.8 mm diameter) with a silicon ring spacer in between to create a culture space. The samples were then placed in a cuvette made of two stainless steel rings, tightly screwed, irradiated with a microbeam, and observed.
Cell manipulation of long single-celled protonemata is also effective for research into chloroplast behavior (Fig. 2Ad ). Protonema ligation with a thin string to remove the nucleus-containing part of the cell can produce enucleated cells (Fig. 3A) . 81) Primary and secondary antibodies for staining cytoskeletons can be introduced into protonemal cells cut with a razor blade fragment. Because the protonemal cell wall is surrounded by a cuticle, 60) immunostaining of an uncut cell is impossible. 57 ), 58) Polarized light irradiation has been frequently used to predict the location of the intracellular photoreception site. If there are considerable differences in responses to polarized light vibrating parallel and perpendicular to the cell wall (i.e., dichroic effect), photoreceptors might be on or close to the plasma membrane and arranged parallel or perpendicular to the membrane.
37),55),82)-85)
A conventional method to detect overall chloroplast movement involves spectrophotometrically measuring changes to red light transmittance through the leaf blade during changes in light conditions. 86)-88) The data revealed the chloroplasts migrated from the periclinal wall to the anticlinal wall or vice versa throughout the whole leaf. We recently developed a more convenient system for measuring leaf transmittance using a commercially available microplate reader (Fig. 1C) . 28) 
Chloroplast behavior
In liverworts, mosses, ferns, and angiosperms, many small disc-shaped (or lens-shaped) chloroplasts (approximately 5-10 µm diameter) exist in individual cells. 71 ),89),90) Small chloroplasts, with their concave side attached to the plasma membrane (Fig. 2F) , move faster than the large chloroplast in Mougeotia cells ( Fig. 2A) . 91) The following description of chloroplast behavior is based mainly on observations of small chloroplasts in A. capillus-veneris gametophytes during chloroplast movement induced by red or blue light microbeam irradiation under infrared light. 63) 5.1. Accumulation response. The accumulation of chloroplasts in fern gametophytes can be induced with a short pulse of red or blue light (e.g., 1 Wm !2 , 1 min). When a small area near a chloroplast (but not on a chloroplast) of a dark-adapted cell is irradiated with a small microbeam spot (5 or 10 µm diameter) for 1 min, the chloroplast moves toward the irradiated area in darkness (Fig. 1G, H ). 16 ), 51) During the accumulation response, if a second microbeam is provided at another part of the cell, the chloroplast changes direction and migrates toward the second beam area ( Fig. 1H ; Movie 1). 16) Chloroplast behavior during migrations under infrared light was monitored every 1 min and the speed, path, and lag time needed for the directional change, as well as the direction of the long axis of the chloroplast were analyzed. Chloroplasts did not rotate, and started to move by sliding, but not rolling, after a short lag period. These results suggest that regarding movement, chloroplasts do not have a head or tail (Fig. 3D) . 75) Exposure to blue and red light resulted in lag times of 2-4 min and 6-12 min, respectively. 71), 75) The reasons for this difference will need to be determined in future studies. The speed at which chloroplasts move is not dependent on microbeam light intensity or wavelength, but is constant around 0.3-1 µm min !1 .
63),71)
5.2. Avoidance response. Avoidance response is induced when chloroplasts are illuminated with strong blue or white light, but not when a region of the cell devoid of chloroplasts is illuminated (Figs. 1F, I, 3E, Movie 2). This indicates that photoreceptors localize on the chloroplast or on the plasma membrane where chloroplasts are attached. 64 ), 71) Biochemical and fluorescent microscopy studies of A. thaliana leaves revealed that photoreceptors localize on the chloroplast membrane 92),93) (refer to Section 8).
When half of a chloroplast is irradiated with strong light, the chloroplast moves to the nonirradiated side after a very short lag period (i.e., almost instantaneously in some cases) ( Fig. 2C ; Movie 3). 71) In contrast, when a whole chloroplast is exposed to very strong light, it cannot escape from the irradiated area, especially if the chloroplast is in the center of the microbeam. 94) ,95) This is likely because the avoidance response signal is over-saturated, making it unclear in which direction the chloroplast should move. During partial or whole chloroplast illuminations, chloroplasts stop moving as soon as they move away from the beam-irradiated area. In other words, chloroplasts exhibit the avoidance response only when they are illuminated. The speed of the avoidance response depends on the light intensity, with higher light intensities resulting in faster chloroplast migration away from the light beam 63),71),95),96) (refer to Section 10.2 for the underlying mechanism). In all cases, the average speed of chloroplast movement is at most 1-1.5 µm min !1 . 63),73), 94) Other chloroplast movement characteristics are the same as those observed during the accumulation response.
5.3. Dark positioning. When a plant is transferred from light to complete darkness, chloroplasts assume specific positions (i.e., dark positioning). In A. thaliana palisade cells, chloroplasts in periclinal walls move to the lower cell surface (Fig. 1A) . 29) In A. capillus-veneris prothallia and M. polymorpha gemmae, chloroplasts move to the anticlinal walls, but not to the lower cell surface in tissues composed of a single cell layer, which is similar to the positions assumed during the avoidance response (Fig. 1A) . 97 ), 98) The difference between the avoidance response and dark positioning is that chloroplasts localize in the outermost cell edge in the avoidance response, but not during dark positioning. Chloroplast behaviors, such as movement during dark positioning, were analyzed in A. capillus-veneris prothallia. 72) Results indicated that chloroplasts move slowly, but directly to the nearest anticlinal wall during the first 5 hours in darkness. They subsequently exhibit staggered movement, but gradually accumulate in the anticlinal walls. (Fig. 1F ), but chloroplasts outside this area migrate toward the beam (Movie 4). 64) This indicates that the signal for avoidance is transmitted over a short distance, but the signal for accumulation can be transmitted over longer distances.
99) The accumulation and avoidance responses also differ in terms of how long signals remain active. When a strong microbeam is switched off, chloroplasts quickly move into the irradiated region (i.e., an accumulation response) (Fig. 3C) . 64),76) This suggests the avoidance signal activity quickly decreases following the removal of a microbeam, but the accumulation response signal remains active and is at sufficient levels to induce movement. Thus, the accumulation response overwhelms the avoidance response. Thereafter, chloroplasts gradually disperse and undergo dark positioning (Fig. 3C) . In A. capillus-veneris gametophyte cells, the avoidance signals are viable for 3 or 4 min, to a maximum of about 6 min, while the accumulation signals are active for 19-28 min, to a maximum of 30-40 min. 62 ),64), 76) 6.2. Involvement of gene expression. The importance of gene expression controlled by phytochromes and cryptochromes during photomorphogenesis has been well established. 7),11) Consequently, the effects of gene expression changes on chloroplast movement have been studied using A. capillusveneris two-celled protonemata. A non-nuclear region of the long basal cell was ligated with a thin string, and the nucleus-containing upper part of the cell was removed to produce an enucleated cell fragment (Fig. 3A) . 81) In these cell fragments, chloroplast accumulation and avoidance responses were induced by red or blue light using partial cell irradiation with a microbeam or polarized light irradiation of the whole cell fragment. The resulting data indicated that the expression of specific nuclear genes is unnecessary as a signal transduction pathway associated with chloroplast movement (Fig. 3B) . 81) The signals are transmitted along the plasma membrane or through the thin ectoplasm. These findings are consistent with the observation that phototropins do not mediate blue light-induced gene expression.
100)-102)
6.3. Chloroplast sensitivity to signals. For chloroplasts to move in the appropriate direction during an accumulation response, they must detect from which direction the strongest signal is coming. Consequently, chloroplasts may have sensors around their whole peripheral region, although there is currently no evidence to support this possibility. There are several other uncertainties, including how chloroplasts sense the differences in the intensity of signals from different directions and the identity of the factor responsible for detecting signal levels (e.g., whether it is the difference in light intensity or amount, or the ratio of fluence rates). To clarify these points, two adjacent parts (50 µm width) of two-celled protonemata were irradiated with various combinations of red microbeams with a high-to-low (H/L) ratio of 1.2, 1.5, 2, and 10, and at intensities of 1, 0.1, and 0.01 Wm !2 . 55),61),80) Chloroplasts migrated to the side irradiated with higher intensity light if the H/L ratio was greater than 2, even at very low intensities (e.g., 0.007 Wm !2 ). The migration direction was unaffected by differences in fluence rates. This indicated chloroplasts can detect very small differences in signal levels between their front and rear, or their front and side.
Another important consideration for chloroplast movement is whether the direction of signal flow (e.g., streaming) or the concentration of the signal is more important. To address this, two red microbeams with the same fluence rate were provided simultaneously at the center of a dark-adapted cell. 74) Chloroplasts on the cell periphery at an equal distance to the two beams moved toward the middle of the area between the beams ( Fig. 1J ; Movie 4), indicating that they detected the location with the highest signal level based on the sum of the signals from the two beams. Therefore, the signal flow direction may not be important.
6.4. Signal transmission speed. The speed of intracellular signal transmissions during the accumulation response was determined using two-celled protonemata and dark-adapted prothallia. 69 (Fig. 4A) . 69) The resulting data indicated the signal transmission speed depended on cell polarity, with speeds of 2.3 µm min from the base to the tip, and 0.6 µm min !1 in the opposite direction (Fig. 4B, Table 1 ). In cells lacking a clearly defined polarity, such as prothallial cells, the average signal speed was about 1 µm min
These speeds were relatively consistent between red and blue light, and between short pulses and continuous irradiation.
70) The signal transmission speed was slow relative to the rate of diffusion of small molecules, such as ions and proteins, or the speed of organelle movements along the cytoskeleton, including microtubules and actomyosin (actinmyosin) systems. This suggests the signal transmission system associated with the accumulation response is unique. 70) 6.5. Signal monitoring. We tested whether chloroplasts continuously monitor photoreceptor signals during movement or move by inertia once the direction is set. Red light stimulation can be canceled by far-red light. Therefore, the associated photoreceptor was believed to be phytochrome, 103) although it was not the conventional phytochrome, but neochrome, which is a chimeric photoreceptor exhibiting features of phytochromes and phototropins 67) (refer to Section 7.2). When far-red light was provided after a red microbeam pulse to inactivate the neochrome, the chloroplast stopped moving after a lag period, then started moving again if another red microbeam pulse was administered ( Fig. 4C ; Movie 5). 74) This indicated the photoreceptors continuously release accumulation response signals, and that chloroplasts accumulate only when they continuously receive signals. This concept was confirmed based on how long chloroplasts are attracted to and remain within a red microbeam-irradiated area. 104) Immediately after far-red light was provided following the accumulation response, chloroplasts moved away from the irradiated region. Otherwise, they remained in the area for a long time.
Photoreceptors
The most effective wavelengths for chloroplast movement are generally in the blue light region. 26 ),34),103) An action spectrum for the accumulation response in A. capillus-veneris indicated the blue and red light regions are suitable for inducing chloroplast movement. 103) Many non-phototropic mutants defective in red light-induced phototropism and chloroplast movement or in blue light-induced avoidance response have been generated in A. capillus-veneris gametophytes. 65),68),105) However, it is almost impossible to identify the causal gene in ferns, especially if the responsible gene is new. Thus, we decided to screen chloroplast movement-defective A. thaliana mutants using high throughput methods. 69) with permission of Plant, Sign. Behav. The chloroplast avoidance movement was induced in these mutants by irradiation with strong light through a slit. The avoidance response was complete after about 1 hour, and could be detected by the naked eye (Fig. 1D) .
21) The accumulation response was also induced by irradiation with low light through a slit after whole leaves were irradiated with strong light. 27) Leaves lacking the avoidance or accumulation responses were considered to be from mutant plants.
Phototropin.
Mutants of phototropin2 (phot2) were detected among the many generated mutant plants defective in the avoidance response (Fig. 5B) . Arabidopsis thaliana has two phototropins, phot1 and phot2. The N-terminal half of phototropins contains two LOV (light, oxygen, voltage) domains, which consist of about 100 amino acids that covalently bind to a chromophore, flavin mononucleotide. The C-terminal half comprises a serine/threonine kinase (Fig. 5A) . 106) Phot1 is responsible for the accumulation response, 23),107) while phot2 regulates the avoidance and accumulation responses. 21 ), 22) In addition to their effects on chloroplast movement, phototropins mediate phototropism, 8) ,23) stomatal opening, 108) leaf flattening, 23),109) leaf palisade cell development, 110) and rapid hypocotyl growth inhibition. 111) These phenomena play important roles that influence photosynthetic efficiency.
112) The A. capillus-veneris mutants deficient in the avoidance response were determined to carry mutations in phot2, 65) confirming that phot2 is the photoreceptor related to the avoidance response in fern gametophytes.
Neochrome.
In ferns and many nonvascular plants, red light mediates chloroplast movement. During our screening of fern phytochrome genes from a genomic library, we identified a novel chimeric gene composed of part of a phytochrome gene, including the sequence corresponding to the N-terminus and chromophore-binding region, and the full phototropin gene sequence (Fig. 5A) . 113) We named this chimeric photoreceptor neochrome (formerly phytochrome 3), 114) which can absorb blue and red light. 106 ),113), 115) We identified mutations in the neochrome gene in most of the sequenced non-phototropic mutant lines.
66),67) When a full-length neochrome gene with a cauliflower mosaic virus (CaMV) 35S promoter was inserted into mutant cells by particle bombardment, red light-induced chloroplast movement was fully complemented, 67) confirming that neochrome functions as the photoreceptor during red light-induced and is similar to RNA interference, which is widely used for gene silencing. 118) Unexpectedly, a neochrome with an apparently different origin, but a structure that is similar to that of A. capillus-veneris neochrome, was identified in M. scalaris (Fig. 2C) and hornworts. 114),119) Surprisingly, the M. scalaris neochrome was functional in A. capillus-veneris gametophytes, 114) suggesting the red light receptor associated with M. scalaris chloroplast movement 120) that Wolfgang Haupt predicted as a phytochrome, might be this neochrome. Recently, a phylogenetic study of phytochromes, including neochrome, was completed using a broad range of plant groups. It was hypothesized that the A. capillus-veneris neochrome originated in hornworts and was acquired by ferns through horizontal gene transfer.
119),121)
7.3. Phytochrome. In the moss Physcomitrella patens, red and blue light mediate the accumulation and avoidance responses in protonemata.
122)-124)
However, only the red light effects on chloroplast movements are inhibited by simultaneous irradiation with far-red light. This indicates red light is perceived by phytochromes, but blue light is not. Interestingly, red light-induced chloroplast movement is significantly reduced in photA2/photB1/photB2 triple phototropin mutants, 124) suggesting that phototropins are the downstream components of the P. patens phytochrome signaling pathway. It was recently reported that the far-red light-absorbing form of the P. patens phytochrome binds to phototropins. This enables the red light signal absorbed by the phytochrome to be transmitted to phototropin for the eventual mediation of protonema phototropism. 125 ) Similar photo-signal transmissions from phytochromes to phototropins may occur during chloroplast movements in P. patens protonemata.
Localization of photoreceptors
The photoreceptors related to the accumulation response in A. capillus-veneris (i.e., neochrome and probably phot1 and phot2) were believed to be localized on the plasma membrane according to physiological experiments involving the dichroic effects of polarized light 37), 103) and the effects of microbeam irradiation on a dark-adapted gametophyte cell in the absence of chloroplasts (Fig. 1G). 62), 63) In contrast, chloroplasts exhibited the avoidance response when they were directly illuminated with strong light from a microbeam (Fig. 1F) , 64) or more effectively when one side of a chloroplast was irradiated (Fig. 1I) , 71) suggesting that the photoreceptor (phot2) is localized on the chloroplasts. Results of immunofluorescence microscopy investigations of A. thaliana indicated that phot1-green fluorescent protein (GFP) 109) and phot2-GFP 125) were located on the plasma membrane. The phot2 photoreceptor was detected biochemically in the isolated chloroplast membrane of A. thaliana leaves, while the phot2-GFP signal was observed in the chloroplast envelope. 92) Furthermore, a fusion protein consisting of M. polymorpha phototropin and citrine was also localized to the chloroplast. 93) Additionally, the deletion of the phot2 C-terminal region, which is important for the avoidance response, 65) affected the localization of the receptor on chloroplasts. 126) These observations implied that, during the avoidance response, phot2 is present in the chloroplast outer membrane, while in the accumulation response, phot1, phot2, and neochrome are localized on the plasma membrane.
Downstream events
It is important to identify the signals released from the photoreceptors for accumulation and avoidance responses. In A. thaliana, phot1 and phot2 influence phototropism, stomatal opening, leaf flattening, and mesophyll cell development. It is believed that different signal transduction pathways regulate these phenomena. However, they have not been characterized, except the pathway affecting the blue light-induced stomatal opening in which the phototropin substrate BLUE LIGHT SIGNALING 1 (BLUS1) 127) and downstream steps have been well studied. 128) Phototropins are photo-activated kinases, and auto-phosphorylation has been observed, but the substrates related to chloroplast movement have not been identified. Calcium has long been considered, but its involvement has not been confirmed. 49) 10. Mechanism of movement 10.1. Chloroplast actin filaments.
An actomyosin system was thought to influence chloroplast photorelocation movement because of the existence of connections between actin filaments and chloroplasts, the presence of myosin on plastids, and the effects of myosin inhibitors.
129)-133) However, chloroplasts move directly toward any intra-cellular point irradiated with a microbeam light, 62), 73) or migrate away from the partially irradiated chloroplast side, 71) after a brief (i.e., 1-2 min) lag period. These rapid movements in any direction could only be possible if fine networks of actin filaments were distributed throughout the cell cortex. Otherwise, an actin filament structure connecting chloroplasts and a microbeam-irradiated region would need to be constructed immediately after a light beam is provided. This would require a radial actin structure that extended from the irradiated spot to all chloroplasts in the cell.
To analyze actin structures, a transgenic A. thaliana plant that produces actin filamentbinding mouse talin-GFP was generated. 94) A novel actin structure was observed between a chloroplast and the plasma membrane. It was located on the chloroplast periphery, but there was neither a radial actin structure nor a fine meshwork underlying the plasma membrane (Fig. 6A, B; Movies 6, 7) . These structures were named chloroplast actin filaments (cp-actin filaments). 94) They are similar to an actin ring structure observed surrounding the chloroplast periphery in A. capillus-veneris protonemal cells when chloroplast movement was induced by partial irradiation with a microbeam and the chloroplasts settled at the proper positions. 134) During the avoidance response, the ring structure appeared on the chloroplasts accumulating on both sides of the irradiated area, while in the accumulation response, the structure was present on the chloroplasts illuminated by the light beam. 134) These actin rings disappeared immediately before chloroplasts moved away from their settled position, suggesting their roles in anchoring chloroplasts to the plasma membrane.
10.2. Speed of movement. Under steady state conditions, in which chloroplasts do not move, cpactin filaments are scarce. In contrast, when chloroplast avoidance movement is induced, thick cpactin filaments appear on the front side of chloroplasts, with almost none on the rear. This difference is correlated with the speed of the chloroplast avoidance movement. The bigger the difference, the faster the chloroplast migrates (Fig. 6C). 94), 135) Analyses of cp-actin filaments using total internal reflection fluorescence microscopy revealed that when cp-actin filaments were irradiated with strong blue light, they were degraded into small pieces (about 0.3 µm long) and then became undetectable. 135) Therefore, rapid escape from strong light depends on phot2-mediated cp-actin filament degradation. 135) During the accumulation response, the cp-actin filaments occur on the front and rear of chloroplasts, with greater amounts on the front side. 94) , 135) The presence of the cp-actin filaments during the accumulation response has been confirmed in A. capillusveneris prothallial cells. 73) 
Chloroplast unusual positioning 1 (CHUP1).
Several mutant lines of chloroplast unusual positioning 1 (chup1, Fig. 5A ) were obtained during a high-throughput screening of chloroplast movement. 21 ),136) Chloroplasts of chup1 mutant plants accumulate on the lower side of palisade cells under all light conditions, while those of wild-type plants are firmly attached to the plasma membrane. The CHUP1 gene has multiple conserved regions encoding an N-terminal hydrophobic region, a coiledcoil region, an actin-binding site, a proline-rich region, and a highly conserved C-terminal region. 136) The hydrophobic domain consists of 25 amino acids, and enables the targeting of the chloroplast to the outer membrane. 136) If this hydrophobic domain is replaced with the N-terminal hydrophobic domain from OUTER ENVELOPE PROTEIN 7 (OEP7), chup1 transgenic plants can be complemented, although the N-terminal sequences of CHUP1 and OEP7 are different. 136) To analyze the function of the CHUP1 coiledcoil region, various transgenic lines (i.e., chup1 mutant background) either expressing the Nterminus including the coiled-coil region with various truncated C-terminal sequences or full-length CHUP1 lacking the coiled-coil region were generated. 136) Chloroplasts were attached to the anticlinal wall, although chloroplast movement was not induced, in all lines expressing the truncated CHUP1 proteins with the coiled-coil region. In contrast, plants lacking the coiled-coil region exhibited the chup1 mutant phenotype, implying the coiled-coil region is important for chloroplast attachment to the plasma membrane. The coiled-coil region was also reported to be a homo-dimerization site.
137) Nevertheless, CHUP1 localizes between the chloroplast and plasma membrane (Fig. 6E) , and affects the anchoring of chloroplasts to the plasma membrane.
The C-terminal conserved region, which contains a proline-rich region, was predicted to be an actin polymerization site.
136),138) It was reported that the proline-rich region binds to profilin, while the actin-binding site binds to filamentous actin 136) and possibly soluble actin. 138) 10.4. Other factors controlling chloroplast movement. Other chloroplast movement-controlling factors (Fig. 5A) were identified, including the KINESIN-LIKE PROTEIN FOR ACTIN-BASED CHLOROPLAST MOVEMENT (KAC); 139) a C2 domain protein, PLASTID MOVEMENT IM-PAIRED 1 (PMI1); 42) a glutaredoxin-like protein, THRUMIN 1 (THRUM1); 140) an auxilin-like protein, J-DOMAIN PROTEIN REQUIRED FOR CHLO-ROPLAST ACCUMULATION RESPONSE 1 (JAC1); 27) and two related coiled-coil proteins, PLASTID MOVEMENT IMPAIRED 2 (PMI2) and WEAK CHLOROPLAST MOVEMENT UNDER BLUE LIGHT 1 (WEB1).
141),142) The physiological functions of these proteins have not been fully characterized.
There are two A. thaliana KAC proteins (i.e., KAC1 and KAC2). In kac1kac2 double mutants, chloroplast movement is almost non-existent, and cpactin filaments are absent. 139) Interestingly, the KAC motor domain is similar to those of the kinesin-14 subfamily members. However, it lacks microtubulebinding activity, and interacts with actin instead. 139) Movement of chloroplast and nucleus No. 9] The KAC proteins may be important for polymerizing or maintaining cp-actin filaments for chloroplast movement and for binding chloroplasts to the plasma membrane. In kac1kac2 plants, cells lack cp-actin filaments and the chloroplasts are highly motile, suggesting they are not attached to the plasma membrane. Similarly, the chloroplasts in A. capillusveneris and P. patens kac mutants aggregate around the nucleus, confirming that KAC affects the association between chloroplasts and the plasma membrane.
17)
The THRUM1 actin-bundling factor is another important protein influencing chloroplast movement. It binds to the plasma membrane through the Spalmitoylation and N-myristoylation motifs at its N terminus (Fig. 6Db) .
140) THRUM1-GFP was detected where cp-actin localized (Fig. 6D) , 135) suggesting that cp-actin filaments are bundled by THRUM1 and fixed on the plasma membrane. THRUM1 orthologs are present in angiosperms, but not in ferns and mosses 143) in which chloroplast movement has been well studied. This implies THRUM1 is not essential for chloroplast movement, but may increase the efficiency of movement. The fact that thrum1 null mutants still exhibit accumulation and avoidance responses, albeit at lower rates, 135) ,140) confirms that THRUM1 is non-essential for chloroplast movement.
10.5. Force generation mechanism. Based on the results described above, a model of the force generation mechanism for chloroplast movement was proposed (Fig. 7) , in which CHUP1 is the main factor polymerizing cp-actin filaments using profilactins (i.e., profilin bound to globular actin), because CHUP1 has a Pro-rich motif that has been identified as a profilin binding motif.
134) The N-terminal hydrophobic domain of CHUP1 binds to the chloroplast outer membrane, while its coiled-coil region binds to a plasma membrane protein X, thereby connecting the chloroplast to the plasma membrane. According to blue light illumination phot2 on the chloroplast (for the avoidance response) and phot1 and phot2 on the plasma membrane (for the accumulation response) may be auto-phosphorylated while simultaneously phosphorylating CHUP1, KAC, and other cp-actin filament polymerization factors. The cp-actin filaments are then polymerized by CHUP1 at the chloroplast periphery toward the center of the chloroplast along the outer envelope. The cp-actin filaments are firmly bound to the plasma membrane by THRUM1 (i.e., an actin filament-bundling factor) so that the CHUP1 complex on the edge of chloroplast outer membrane is pushed towards the front side of chloroplast by newly polymerized cp-actin filaments, resulting the chloroplast migration (indicated by an Fig. 7 . Schematic model of the mechanism regulating chloroplast movement. The N-terminus of CHUP1 binds to the chloroplast outer membrane, while the CHUP1 coiled-coil domain binds to a membrane protein X to anchor the chloroplast to the plasma membrane. Upon blue light irradiation, phot1 and phot2 may phosphorylate CHUP1, KAC, and THRUM1. Using profilactins, CHUP1 polymerizes cp-actin filaments that are bundled and bound to the plasma membrane by THRUM1. Because the cp-actin filaments are bound to the plasma membrane, the CHUP1 complex is forced to move to the opposite side of the cp-actin filament as indicated with an arrow, generating the force to pull the chloroplast. Modified from Wada 2013. 16) M. WADA [Vol. 92, arrow on the right side of Fig. 7 ). In this model, actin polymerization itself is the force involved in chloroplast movement, which is similar to the Arp2/3 complex-dependent mechanism reported for bacterial movements in animal cells. 144) Myosin is not involved in the force generation mechanism, as indicated by the fact that myosin XI quadruple knockout lines, which are defective in organellar transportation, exhibited normal chloroplast movement. 145) In view of plant phylogeny, basic factors for chloroplast movement, i.e., phot, CHUP1, KAC, PMI1 are conserved from Carophytes up to Angiosperms, 143) suggesting that the basic mechanisms for motive force generation are common among these organisms.
11. Nuclear photorelocation movement 11.1. Nuclear behavior.
Like chloroplasts, nuclei also undergo photorelocation movement. 26 ),30),146)-150) In fern prothallial cells, nuclei localize to the center of upper periclinal walls under all light conditions (e.g., white, red, or blue light) (Fig. 8Aa) if light is not too strong. However, because of the overlying cortical chloroplasts (Fig. 8Ab) , the nuclei must be fixed and stained (e.g., with DAPI) to be observed. Strong white or blue light induce nuclei to move to anticlinal walls together with the chloroplasts (Fig. 8Ac, Ad) . Additionally, the nuclei along the anticlinal walls behave similarly in darkness, but the nuclei do not migrate to the outermost cell edge. Therefore, the distribution of nuclei is similar to that of chloroplasts.
In A. thaliana palisade cells exposed to darkness, nuclei localize at the center of the lower part of cells surrounded by many chloroplasts (Fig. 8Bb) . However, they move to anticlinal positions under strong blue light (Fig. 8Bd) , and exhibit the avoidance response along with chloroplasts.
149) The positioning of nuclei in pavement cells is similar to that in palisade cells under light (Fig. 8Bc ) or in darkness (Fig. 8Ba) . 149) They are also surrounded by plastids. 151) Epidermal plastids contain chlorophyll, but are small and have poorly developed thylakoids.
Mechanism of nuclear movement.
Nuclear behavior cannot be easily observed in thin and long palisade cells. Moreover, nuclei may not move freely because of the surrounding chloroplasts. Therefore, epidermal large pavement cells, in which a spindle-shaped nucleus exists along with thick actin bundles and small plastids (Fig. 8C) , were used for analytical studies. 151) As mentioned above, the nuclei remain at the center of pavement cells in darkness, but move to the sidewalls to avoid strong blue light. Nuclear avoidance movements in pavement cells occur parallel to the thick actin bundle (mostly photosynthesis-dependent) or perpendicular to the actin bundle (mediated by phot2) (Fig. 8D) . 151) Interestingly, nuclear movement is absent in chloroplast movement-defective A. thaliana mutant plants (Fig. 8E) , 151) , 152) suggesting the underlying regulatory mechanisms are the same. In A. capillusveneris, the photoreceptors associated with the accumulation of nuclei have been confirmed as neo1 and phot2, although phot1 may also be involved. The phot2 receptor is responsible for the avoidance and dark positioning responses. These are the same photoreceptors influencing chloroplast movement. 148) In A. thaliana chup1 pavement cells, nuclei exposed to strong light move faster over a greater distance (in a random direction) than wild-type nuclei, indicating the nuclei are detached from the plasma membrane. When half of a spindle-shaped nucleus in a chup1 pavement cell is irradiated with strong blue light, the nucleus rapidly migrates away along the thick cytoplasmic actin. This suggests the nucleus and plastids are not attached to the plasma membrane. 151) Confocal microscopy experiments revealed the plastids exhibit a typical avoidance response with cp-actin filaments appearing on the front part of moving plastids. Additionally, even the plastids attached to the nucleus contain leading cp-actin filaments, while cp-actin-like structures are undetectable on the nucleus itself. Nuclear avoidance movement is absent in some pavement cells lacking plastids. These cells occur in the plastid divisiondeficient parc6 (paralog of ARC6) 153) mutant plants and in the plastid division 1 (pdv1)/pdv2 double mutant. 154) These findings indicate nuclei cannot move independently of plastids, and are carried by plastids. 151) 12. Ecological significance of chloroplast and nuclear movements
The A. thaliana phot2 and chup1 mutant plants defective in chloroplast avoidance movement are more susceptible to photoinhibition than wild-type plants depending on the damaging effects of excess light. However, the capacity to scavenge reactive oxygen species is the same in wild-type and mutant leaves.
25) The phot2-dependent avoidance response appears to offer greater protection from photodamage than non-photochemical quenching systems. 155) These results regarding the effectiveness of chloroplast avoidance responses were obtained using plants cultivated under controlled conditions. However, the significance and effectiveness of chloroplast movement in terrestrial plants under natural conditions were difficult to determine. This was because analyses of real-time chloroplast movement in leaves were not possible until recently when red light transmittance through multiple mesophyll cell layers became easily detectable (Fig. 1C) .
In 1973, Yorinao Inoue and Kazuo Shibata completed their pioneering work regarding chloroplast movement in 20 species of terrestrial vascular plants (both dicots and monocots) based on red light absorption by leaves. They reported that the absorption of all tested species, except Oryza sativa, was affected by weak and strong light because of intracellular chloroplast distributions, although the effects differed among species. 156) Other groups subsequently studied chloroplast movement by analyzing the transmittance of red light by terrestrial plant leaves. Based on experiments using sporophytes of four fern species (i.e., A. capillus-veneris, Adiantum caudatum, Adiantum diaphanum, and Pteris cretica) grown under different light conditions, it was hypothesized that plants exposed to stable light conditions exhibit limited chloroplast movement, whereas plants grown under rapidly changing light conditions exhibit active chloroplast movement. 87) The shade plant Tradescantia albiflora contains a few layers of palisade cells with actively migrating chloroplasts. This plant is more tolerant to strong light than the sun plant Pisum sativum, which has multiple layers of well-developed palisade cells. 157) A correlation between chloroplast movement and cell diameter was identified among 24 tested species. The chloroplasts of shade leaves with broader and more spherical cells moved more actively than those of sun leaves with narrower and more columnar cells (i.e., less space for chloroplasts to move). 158) In contrast, chloroplast movement parameters measured by red light transmittance through leaves were affected differently among species, and there was no correlation between strong light stress tolerance and chloroplast movement. 159) We recently investigated the chloroplast movement in climbing plant leaves exposed to direct sunlight during the day. The studied species included ferns, monocots, and dicots, such as Lygodium japonica (fern, deciduous), Cocculus orbiculatus (dicot, deciduous), Pueraria lobata (dicot, deciduous), Cayratia japonica (dicot, deciduous), Trachelospermum asiaticum (dicot, evergreen), Jasminum polyanthum (dicot, evergreen), Paederia scandens (dicot, deciduous), Dioscorea japonica (monocot, deciduous), and Dioscorea septemlora (monocot, deciduous). All species exhibited little if any accumulation or avoidance responses. 29) Their palisade cells were cylindrical, thin, and long, and the anticlinal walls were full of chloroplasts (Fig. 8Fa) . Therefore, the periclinal wall area available for chloroplasts was limited (Fig. 8Fb) . However, this space was not completely filled with chloroplasts under low light conditions, implying that some regulatory factor was inhibiting the accumulation response.
Sun leaf palisade cells are generally cylindrical.
158) The A. thaliana palisade cells become thin and long under strong light conditions because of phot2 regulatory activities. 110) In mature palisade cells, chloroplasts are firmly attached to the plasma membrane for efficient CO 2 absorption from the intercellular space. 160) Based on our calculations, narrower cells have a larger plasma membrane area than wider cells, which enables more chloroplasts to attach per unit leaf area. Additionally, narrow cells have a larger plasma membrane area facing the intercellular space for more efficient CO 2 exchange. 29) Thus, it is better for sun leaves under strong light conditions to have thin cylindrical cells, instead of spherical cells. These cells will increase the space available for chloroplasts, leading to higher photosynthetic performance and more efficient CO 2 exchange per unit leaf area, even in the absence of a chloroplast accumulation response under weak light conditions.
Regarding the importance of nuclear photorelocation movement, it was recently reported that the migration of nuclei toward anticlinal walls protects DNA from photodamage under controlled conditions.
161) The efficiency of this protection in natural habitats will need to be assessed in future studies.
Concluding remarks
Light is arguably the most important environmental factor for plants. It serves as a source of energy for photosynthesis, but it also provides information regarding forthcoming environmental changes that will influence plant development and proliferation. A longstanding objective of researchers interested in photobiology was identifying the ultraviolet light receptor. This was recently achieved with the discovery of UV RESISTANCE LOCUS 8 (UVR8). 15) This has resulted in the apparent unveiling of all types of photoreceptors in terrestrial plants.
However, the precise mechanisms regulating phytochrome functions have not been fully characterized even in seed plants, despite the efforts of many researchers in the half century since phytochromes were discovered. 6) As mentioned in this review, the chloroplast photorelocation response is a good model system to study the signal transduction pathways of phototropin and neochrome which were discovered two decades ago, 8) ,113) although they are still mostly unknown. Identifying the signal released by phototropins and determining how it is slowly transmitted to chloroplasts along the plasma membrane are challenges that will be addressed in future studies. Researchers will need to clarify whether the signal is a diffusible substance (e.g., protein or chemical) or simply information (e.g., wave on water surface or sound wave) where no substance is transmitted. I look forward to the reports of important discoveries being made by younger colleagues that will further characterize these challenging mechanisms. 
Legends of movies

